Principles of Code Division Multiple 
Access 



4.1 Introduction 

CDMA is a scheme by which multiple users are assigned radio resources using 
DS-SS techniques. Although all users are transmitting in the same RF band, 
individual users are separated from each other via the use of orthogonal codes. 
The North American CDMA standard, or IS-95, specifies that each user con- 
veys baseband information at 9.6 Kbps (Rate Set 1), which is the rate of the 
vocoder output. The rate of the final spread signal is 1.2288 Mcps, resulting in 
an RF bandwidth of approximately 1.25 MHz. 

There can be many 1.25-MHz signals present in the same RF band. To a 
large degree, the performance of a CDMA system is interference-limited. This 
means that the capacity and quality of the system are limited by the amount of 
interference power present in the band. Capacity is defined as the total number 
of simultaneous users the system can support, and quality is defined as the per- 
ceived condition of a radio link assigned to a particular user; this perceived link 
quality is direcdy related to the probability of bit error, or bit error rate (BER). 
This chapter presents those characteristics of a CDMA system that need to be 
optimized in order to reduce interference and increase quality. 



4.2 Capacity 

While there are many models of CDMA capacity in the current literature, we 
present a description of CDMA system capacity using the amount of user 
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interference in the band. The actual capacity of a CDMA cell depends on many 
different factors, such as receiver demodulation, power-control accuracy, and 
actual interference power introduced by other users in the same cell and in 
neighboring cells. 

In digital communication, we are primarily interested in a link metric 
called E t /N 0 , or energy per bit per noise power density. Chapter 3 reviews the 
performance of different digital modulation schemes in terms of probability of 
bit error as a function of E t /N 0 . This quantity can be related to the conven- 
tional signal-to-noise ratio (SNR) by recognizing that energy per bit equates to 
the average modulating signal power allocated to each bit duration; that is, 
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where S is the average modulating signal power and Tis the time duration of 
each bit. Notice that (4.1) is consistent with dimensional analysis, which states 
that energy is equivalent to power multiplied by time. We can further manipu- 
late (4.1) by substituting the bit rate R, which is the inverse of bit duration T: 
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We further substitute the noise power density N 0 , which is the total 
power N divided by the bandwidth W\ that is, 
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Substituting (4.3) into (4.2) yields 



N 0 ~ N~R 



(4.4) 
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Equation (4.4). relates the energy per bit E h IN 0 to two factors: the signal-to- 
noise ratio SIN of the link and the ratio of transmitted bandwidth Wto bit 
rate R The ratio WIR is also known as the processing gain of the system. 

Here, we consider the reverse-link capacity since in CDMA this is often 
the limiting link in terms of capacity. Reverse link is the mobile to base station 
link. V/e assume that the system possesses perfect power control, which means 
that the transmitted powers of all mobile users are actively controlled such that 
at the base station receiver, the received powers from all mobile users are equal. 
Based on this assumption, the SNR of one user can be written as 



1 



N M-\ 



(4.5) 



where M is the total number of users present in the band. This is so because the 
total interference power in the band is equal to the sum of powers from individ- 
ual users. Figure 4.1 illustrates the principle behind (4.5). Note that (4.5) also 
ignores other sources of interference such as thermal noise. 

We proceed to substitute (4.5) into (4.4), and the result is 
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Figure 4.1 in CDMA, the total interference power in the band is equal to the sum of powers 
from individual users. Therefore, if there are seven users occupying the band, 
and each user is power-controlled to the same power level, then the SNR expe- 
rienced by any one user is y& 
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Solving for (M - l) yields 



Note that if M is large, then 



(4.7) 



M « 
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(4.8) 



4.2.1 Effects of Loading 

rn U MA° n it " 8) " model ^ descr ibes the number of users a single 

CDMA cell can support. This single cell is omnidirectional and has no neigh- 
boring cells, and the users are transmitting 100% of the time. In reality, there 
are many cells in , z CDMA cellular or PCS system. Figure 4.2 shows tZ a par- 
ucular cell (cell A) is bordered by other CDMA ells that are supporting oL 
users. Although these other users from other cells are power-controlled by their 
respective home cells, the signal powers from these other users constitute inter- 
ference to cell A. Therefore, cell A is said to be loaded^ users from other cells, 
liquation (4.6) is modified to account for the effect of loading: 
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(4.9) 



where rj ,s the loading factor. V is a factor between 0% and 100%. In the exam- 
p e shown in Figure 4.3, the loading factor is 0.5 resulting in (1 + 0.5), or a 
150% increase of interference above those introduced by home users alone 
/ ct F ™ C ™ ° f the faCt ° r (1 + ^ is s °metimes known as the frequency reuse 
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Note that the frequency reuse factor is ideally 1 in the single-cell case (rj = 0). In 
the multicell case, as the loading r, increases, the frequency reuse factor corre- 
spondingly decreases. 
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Figure 4.2 interference introduced by users in the neighboring cell. 
4.2.2 Effects of Sectorization 

The interference from other users in other cells can be decreased if the cell in 
question is sectorized. Instead of having an omnidirectional antenna, which has 
an antenna pattern over 360 degrees, cell A can be sectorized to three sectors so 
that each sector is only receiving signals over 120 degrees (see Figure 4.4). In 
effect, a sectorized antenna rejects interference from users that are not within its 
antenna pattern. This arrangement decreases the effect of loading by a factor of 
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Figure 4.3 Loading factor as perceived by cell A. 



approximately 3. If the cell is sectorized to six sectors, then the loading effect is 
decreased by a factor of approximately 6. This factor is called sectorization 
gaink. 

For one cell, the exact X is obtained by dividing the total interference 
power from all directions by the perceived interference powers by the sector 
antenna; that is, 



A = 



In 
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(4.11) 



where C(6) is the horizontal antenna pattern of the sector antenna; G(0) is the 
peak antenna gain, which is assumed to occur at boresight (6 = 0); and 1(6) is 
the received interference power from users of other cells as a function of 0. The 
integrals in (4.11) are evaluated from 0 to 360 degrees. Equation (4.11) com- 
putes the exact sectorization gain, which depends heavily on the antenna gain 
of the antenna used, as well as on the spatial distribution and distance of 
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Figure 4.4 A sectorized antenna rejects interference from users not in its antenna pattern. 

interfering users in other cells. Note that (4.1 1) does not take into account the 
vertical pattern of the sector antenna, the effect of which is quite small in calcu- 
lating sectorization gain. In reality, A is typically around 2.5 for three-sector 
configured systems and 5 for six-sector configured systems. 



82 



CDMA RF System Engineering 



Equation (4.9) is thus modified to account for the effect of sectorization: 



E b = : 
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(4.12a) 



4.2.3 Effects of Voice Activity 

Equation (4.12a) assumes that all users are transmitting 100% of the time. In 
practice, the vocoder used by the IS-95 system is variable rate, which means 
that the output rate of the vocoder is adjusted according to a user's actual 
speech pattern. For example, if the user is not speaking during part of the con- 
versation, the output rate of the vocoder is lowered to prevent power from 
being transmitted unnecessarily. The effect of this variable-rate vocoding is the 
reduction of overall transmitted power and hence interference. Speech statistics 
shows that a user in a conversation typically speaks between 40% and 50% of 
the time. By employing variable-rate vocoding, the system reduces the total 
interference power by this voice activity factor. 

Thus, (4. 12a) is again modified to account for the effect of voice activity: 
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where V is the voice activity factor. Note that the effect of voice activity is to 
reduce the denominator, or the interference portion of the equation. 
Solving (4. 12b) for M yields 
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If Mis large, then 
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Examining (4.12b), we can draw several conclusions regarding CDMA 
capacity: 
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1 . Capacity, or number of simultaneous users M, is directly proportional 
to the processing gain of the system. 
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2. The link requires a particular E^/N 0 to attain an acceptable BER and 
ultimately an acceptable frame error rate (FER) . Capacity is inversely 
proportional to the required E b IN 0 of the link. The lower the 
required threshold the higher the system capacity. 

3. Capacity can be increased if one can decrease the amount of loading 
from users in adjacent cells. 

4. Spatial filtering, such as sectorization, increases system capacity. For 
example, a six-sector cell would have more capacity than a three- 
sector cell. 



4.3 Power Control 



4.3.1 Why Power Control? 

Power control is essential to the smooth operation of a CDMA system. Because 
all users share the same RF band through the use of PN codes, each user looks 
like random noise to other users. The power of each individual user, therefore, 
must be carefully controlled so that no one user is unnecessarily interfering with 
others who are sharing the same band. < 

To illustrate how power control is essential in CDMA, we consider a sin- 
gle cell that has two hypothetical users (see Figure 4.5). We again examine the 
reverse-link case since this link is often the limiting link in CDMA. User 2 is 
much closer to the base station than user 1 . If there is no power control, both 




Figure 4.5 A base station with two hypothetical users. Each user is transmitting to the base 
station a fixed amount of power p t . 
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users would transmit a fixed amount of power p,\ however, because of the dif- 
ference in distance, the received power from user 2, or p rA , would be much 
larger than the received power from user 1, or p ri . If we assume that the differ- 
ence in distance is such that p tA is 10 times more than p r u then user 1 would 
be at a great disadvantage. 

If the required SNR, (S/iV) rcquircd , is (1/10), then we can immediately see 
the disparity between the SNRs of the two users. Figure 4.6 illustrates the 
point; if we ignore thermal noise, then the SNR of user 2, (S/N) 2> would be 
10, and the SNR of user 1, {S/N) u would be (1/10). User 2 has a much higher 
SNR and thus enjoys great voice quality, but user 1 's SNR is barely making the 
required (S / N) KquiKd . This inequity is known as the classic near-far problem in 
a spread-spectrum multiple access system. 

The system at this point is said to have reached its capacity. The reason is 
that if we attempt to add a third user transmitting p, anywhere in the cell, then 
the SNR of that third user would not be able to reach the required (S I N) K • d 
Furthermore, if we force a third user onto the system, that third user notTnly 
will not attain the required (5/A0 rcquired , but also will cause the SNR of user 2 
to drop below the required (S / A0 rcquired . 

Power control is implemented to overcome the near-far problem and to 
maximize capacity. Power control is where the transmit power from each user is 
controlled such that the received power of each user at the base station is equal 




Figure 4.6 Received power from the two users at the base station. User 2 has a much 
higher SNRthan user 1 does. 



to one other. Figure 
of each user is contr 
station is equal to 
system. As a contii 

(S /AO required is Still (] 

The capacity is maxi 

4.3.2 Reverse Link 

4.3.2.1 Access Pro! 
One problem that h; 
mobile transmit po\ 
station, the mobile c 
natural question is v 
what power level she 
the base station has n 
tion has no idea as t« 
the first option is tha 
high transmit power, 
station will receive th 
high initial transmit 




1 



Use 



Figure 4.7 With power ci 
power-control 
received powi 



Principles of Code Division Multiple Access 



85 



to one other. Figure 4.7 illustrates the concept. In the cell, if the transmit power 
of each user is controlled such that the received power of each user at the base 
station is equal to p rS then a lot more users can be accommodated by the 
system. As a continuation of our previous example, if the required SNR 
(S/AOrequired is still (1/10), then a total of 1 1 users can be supported by the cell. 
The capacity is maximized with the use of power control (see Figure 4.8). 

4.3.2 Reverse Link 

4.3.2.1 Access Probes 

One problem that has to be immediately solved in power control is the initial 
mobile transmit power. Before the mobile establishes contact with the base 
station, the mobile cannot be power-controlled by the base station. Thus, the 
natural question is when the mobile first attempts to access the base station, 
what power level should the mobile use to transmit its request? At this point, 
the base station has not yet made contact with the mobile user, and the base sta- 
tion has no idea as to the location of the mobile user. There are two options: 
the first option is that the mobile can attempt to access the base station with a 
high transmit power. Such high power increases the probability that the base 
station will receive that mobile's access request. However, the disadvantage of a 
high initial transmit power is that such high power represents interference to 
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Figure 4.7 With power control, a base station can support many more users. Each user is 
power-controlled to transmit at different power levels. This is done so that the 
received powers of individual users are all equal at the base station, 
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Figure 4.8 Capacity is maximized when the received powers of all users are equal at the 
base station. 



other users currently served by the cell. The second option is that the mobile 
can request access from the base station with a low transmit power. Such low 
power decreases the likelihood that the base station will receive the mobile's 
2lccqss request. But the advantage is that this mobile won't cause much interfer- 
ence to other users. 

The solution as specified in the IS-95 standard is that when the mobile 
first attempts to access the system, it transmits a series of access probes. Access 
probes are a series of transmissions of progressively higher power. The mobile 
transmits its first access probe at a relatively low power, then it waits for a 
response back from the base station. If after a random time interval the mobile 
does not receive an acknowledgment from the base station, then the mobile 
transmits a second access probe at a slighdy higher power. The process repeats 
until the mobile receives an acknowledgment back from the base station. The 
power difference between the current access probe and the previous access 
probe is called an access probe correction (see Figure 4.9). The step size for a sin- 
gle access probe correction is specified by the system parameter PV/R_STEP. 

The standard further specifies that the mobile should use the power level 
it receives from the base station to estimate how much to initially transmit. In 
other words, if the mobile sees a strong signal from the base station, then it 
assumes that the base station is nearby and thus transmits initially at a relatively 
low level. If the mobile sees a weak signal from the base station, then it assumes . 
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Figure 4.9 A series of access probes by the mobile to access the system. After [1]. 

that the base station is far away and thus transmits initially at a relatively high 
level. Knowing the received power from the base station, the mobile can esti- 
mate the forward path loss between the base station and itself. If it knows the 
transmit ERP of the base station, then the mobile would know how much it 
needs to transmit to compensate for that path loss. In reality the mobile does 
not know the actual ERP of the base station, nor does it know how much 
received power is contributed by other, neighboring base stations. Therefore, a 
default constant is specified by the standard using generic assumpuons of typi- 
cal loading and base station ERPs. Specifically, the initial transmit power of the 
mobile, p t>initU1 in decibels, should be [1] 

o , = -p -73 + NOM PWR + INIT_PWR (4,15) 

Yt .initial rr " 

As we can see, the default constant is -73 for cellular.. A. value of -76 is 
used for PCS systems. The two additional adjustments, NOM_PWR and 
INIT PWR. can be set by the system operators for ^f^ 6 ^^^ 
values of these two adjustment factors, NOM.PWR and INIT.PWR, as well 
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(4. 15) to determine its initial transmit power. 

4.3.2.2 Open Loop 

The process described above is termed open-loop power control in thsr i r • 
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base station and the mobile. Once the mobile gets on a traffic channel and 
starts to communicate with the base station, the closed-loop power-control 
process operates along with the open-loop power control. In the closed-loop 
power control, the base station continuously monitors the reverse link and 
measures the link quality. If the link quality is getting bad, then the base station 
will command the mobile, via the forward link, to power up. If the link quality 
is too good, then there is excess power on the reverse link; in this case, the base 
station will command the mobile to power down. Ideally, FER is a good indica- 
tor of link quality. But because it takes a long time for the base station to accu- 
mulate enough bits to calculate FER, £ h /N Q is used as an indicator of reverse 
link quality. 

The reverse-link closed-loop power control is as follows: 

1. The base station continuously monitors E h /N 0 on the reverse link. 

2. If E b /N 0 is too high (i.e., if it exceeds a certain threshold [2]), then 
the base station commands the mobile to decrease its transmit power. 

3. If E b IN Q is too low (i.e., if it drops below a certain threshold [2]), 
, then the base station commands the mobile to increase its transmit 

power. 

The base station sends the power-control commands to the mobile using 
the forward link. These power-control commands are in the form of power- 
control bits (PCBs). The amount of mobile power increase and power decrease 
per each PCB is nominally +1 dB and -1 dB. 

Because the closed-loop power control is meant to. combat fast Rayleigh 
fading, the mobile's response to these power-control commands must be very 
fast. For this reason, these PCBs are direcdy sent over the traffic channel. What 
actually happens is that bits are robbed from the traffic channel in order to send 
these PCBs. Figure 4.10 shows a simplified block diagram of a portion of the 
forward traffic channel generation. 

The output from the vocoder and input into the convolutional encoder is 
9.6 Kbps (at full rate for Rate Set 1). The Rate 1/2 convolutional encoder dou- 
bles the baseband rate to 19.2 Kbps. Prior to spreading, the PCBs at 800 bps 
are multiplexed onto the baseband stream at 19.2 Kbps. The PCBs are inte- 
grated into the traffic channel by robbing selected bits from the baseband 
stream. This way, a separate "channel" at 800 bps (for power-control purposes) 
exists beneath the traffic channel. The stream of PCBs at 800 bps is therefore 
called the power-control subchannel "(PCS). These PCBs are continuously trans- 
mitted to the mobile by the base station. Note that since the rate of PCB 
transmission is 800 hns. a PCR is 
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Figure 4.10 In the forward traffic channel, the PCBs at 800 bps are multiplexed directly 
onto the baseband information stream at 19.2 Kbps. 
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Both forward-link and reverse-link traffic channel frames are 20 ms in 
duration. Since one PCB is sent once every 1.25 ms, each traffic channel frame 
can be divided into (20 ms/1.25 ms) or 16 segments. These segments are called 
power-control groups (PCGs). Since each power-control group is 1.25 ms in 
duration and the baseband is at a rate of 19.2 Kbps, then each power-control 
group contains (19.2 X 10 3 )(1.25 x 10" 3 ) = 24 bits. Figure 4.1 1 illustrates the 
traffic channel frame structure. 

The closed-loop power-control process is illustrated in the example 
shown in Figure 4.12. For example, for PCG7, the base station measures the 
SNR or E S /N Q . The base station compares the measured E k /N 0 with the 
threshold. If the measured E b IN Q is greater than the threshold, then the base 
station inserts a PCB of 1 during PCG9 on the forward traffic channel. If the 
measured E b /N Q is less than the threshold, then the base station inserts a PCB 
of 0 during PCG9 on the forward traffic channel. This process is repeated for 
every power-control group in the frame. 

Since each PCG contains 24 bits (see Figure 4.11), the PCB can be 
inserted in any one of the first 16 bit positions. The exact location of the PCB 
in the PCG is determined in a pseudorandom fashion. The PCB bit position 
is determined by the decimal value of the four most significant bits of the 
decimator output. The input of the decimator is the long PN code. It is impor- 
tant to recognize that the exact location of the PCB in the PCG is not fixed but 
pseudorandom. 

There are three additional points to mention regarding closed-loop power 
control. 

Power-control bits are not error protected. As we can see from Figure 4.11, 
the PCBs are multiplexed onto the forward traffic channel after the convolu- 
tional encoder. Therefore, PCBs are not error protected. This is done to reduce 
delays that are inherent in decoding and extracting error-protected bits. 
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Figure 4.11 The relationship between a traffic channel frame and a PCG. 



Remember that the closed-loop power control is used to combat fast Rayleigh 
fading; the PCBs are not error protected so that the mobile can quickly recover 
the PCB and adjust its transmit power accordingly. As a result, the probability 
of bit error for the power-control subchannel may be higher than that of the 
traffic channel if no special provision is taken. 

Closed-loop power control has an inner and an outer loop. We have thus far 
only described the inner loop of the closed-loop power-control process. The 
premise of the inner loop is that there exists a predetermined SNR threshold by 
which power-up and power-down decisions are made. Since we are always try- 
ing to maintain an acceptable FER, and since in a mobile environment there is 
no one-to-one relationship between FER and E b IN 0 , the E b /N 0 threshold has 
to be dynamically adjusted to maintain an acceptable FER. This adjustment of 
E b /N Q threshold (used by the inner-loop power control) is referred to as the 
outer loop of the closed-loop power control (see Figure 4.13). The outer-loop 
process is not defined by the IS-95 standard, and each infrastructure 
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Figure 4.12 Closed-loop power control using PCBs. 
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Figure 4.13 Inner and outer loops of the closed-loop power control. 



Figures 4.14(: 
power-control sche 
has the entire oute 
other pan of the in 
loop portion reside; 

In Figure 4.1' 
mobile. The base si 
the reverse link. Th 
threshold compute 
frame quality. At d 
of the reverse link.; 
pared. If the es^rr 
higher than whaiis 
sent to command-: 
threshold, th^nj^ 
frame quality^ |;^ 



Principles of Code Division Multiple Access 



93 



manufacturer is free to implement its own outer-loop algorithms. Note that 
these algorithms are almost always proprietary to the manufacturer. 

The final point concerns closed-loop power control during soft handoff. The 
IS-95 CDMA system utilizes ^handoff when a mobile moves between two or 
three cells. Soft handoff is the process by which a mobile maintains connection 
with two or three base stations as it transitions between them. During soft 
handoff, the mobile receives traffic channel frames from two or three base sta- 
tions, and on these traffic channels there may be conflicting power-control 
commands (i.e., one base station may be telling the mobile to power up while 
the other base station may be telling the mobile to power down). In these situa- 
tions, the mobile follows this rule: if any one base station commands the mobile 
to power down, the mobile will power down. The mobile will only power 
up if all of the base stations involved in soft handoff command the mobile to 
power up. 

4.3.2.4 Open-Loop and Closed-Loop Implementation 

The mobile transmit power is therefore a function of the open-loop and 
closed-loop power control of the system. Equation (4.16) can be modified to 
include the closed-loop power correction; that is, 

. p , = - Pr - 73 + NOM_PWR + INIT.PWR 

+ (sum of all access probe corrections) 

, , , , • x (4.17) 

+ (closed - loop correction) 

Figures 4.14(a) and 4.14(b) show one implementation of the reverse-link 
power-control scheme [3]. For the closed-loop power control, the base station 
has the entire outer loop as well as pan of the inner loop; the mobile has the 
other part of the inner loop. For the open-loop power control, the entire open- 
loop portion resides in the mobile. 

In Figure 4.14(a), the base station receives the reverse-link signal from the 
mobile. The base station first demodulates the signal and estimates the FER of 
the reverse link. This information on the reverse-link frame quality is fed into a 
threshold computer, which adjusts the E b /N Q threshold based on the received 
frame quality. At the same time, the base station also makes an E b IN$ estimate 
of the reverse link. The E h IN Q threshold and the E h /N 0 estimate are then com- 
pared. If the estimate is greater than the threshold, then the link E h /N 0 is 
higher than what is needed to maintain a good frame quality; a PCB of 1 is thus 
sent to command the mobile to power down. If the estimate is less than the 
threshold, then the link E h IN 0 is lower than what is needed to maintain a good 
frame quality; a PCB of 0 is thus sent to command the mobile to power up. 
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The PCBs are multiplexed onto the forward traffic channel and transmitted to 
the mobile. 

On the mobile side (see Figure 4.14(b)), the mobile receives the forward- 
link signal It recovers the PCB and, based on the PCB, makes a decision to 
power up by I dB or to power down by 1 dB. The decision is the closed-loop 
correction. The correction is combined with the open-loop terms, and the 
combined result is fed to the transmitter so that it can transmit at the proper 
power level. r r 

4.3.3 Forward Link 

Ideally, power control is not needed in the forward link. The reason is that the 
base station is transmitting all the channels coherendy in the same RF band As 
Figure 4.15 shows, if thermal noise and background noise are negligible, then 
all the users fade together as the composite signal arrives at the mobile. How- 
ever, in real life, one particular mobile may be nearby a significant jammer and 
experience a large background interference, or a mobile may suffer a large path 
loss such that the arriving composite signal is on the order of the thermal noise 
Thus, forward power control is still needed. In general, however, the power- 
control requirement for the forward link is not as stringent as that for the 
reverse link. 

The IS-95 standard specifies that the mobile has to report back to the 
base station the quality of the forward link. The mobile continuously monitors 
the FER of the forward link, and it reports this FER back to the base station in 
a message called the power measurement report message (PMRM) It may send 

SdT" ^ °? Vm WayS: ° nC 15 ^ Ae mobile Periodically reports the 
' and the other " that the mobile reports the PMRM only if the FER 
exceeds a certain threshold. The base station, knowing the quality of the 
forward link, may then adjust its transmit power to that particular mobile 
Ihe exact algorithm of power allocation is again up to the individual infrastruc- 
ture manufacturer. The process is almost always proprietary to the particular 
manufacturer. 



4.4 Handoff 

In a mobile communications environment, as a user moves from the coverage 
area of one base station to the coverage area of another base station, a handoff 
must occur to transition the communication link from one base station to 
the next. The CDMA system as defined by IS-95 supports different handoff 

processes. 
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Figure 4.14 (a) Reverse-link power-control functions carried out by the base station; 
(b) Reverse-link power-control functions carried out by the mobile. After [3]. 
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Figure 4.15 All users fade together as the composite spread-spectrum signal travels from 
the base station to the mobile. 



The first is the soft handoff In Section 4.3.2, we briefly mentioned that 
CDMA uses soft handoflf where, during handoff, a mobile simultaneously 
maintains connection with two or three base stations. As the mobile moves 
from its current cell (source cell) to the next cell (target cell), a traffic channel 
connection is simultaneously maintained with both cells. Figure 4.16(a) and 
Figure 4.16(b) illustrate the simultaneous links during soft handoff. On the 
forward link (see Figure 4.16(a)), the mobile uses the rake receiver to demodu- 
late two separate signals from two different base stations. The two signals are 
combined to yield a composite signal of better quality. On the reverse link (see 
Figure 4.16(b)), the mobile's transmit signal is received by both base stations. 
The two cells demodulate the signal separately and send the demodulated 
frames back to the mobile switching center (MSC). The MSC contains a selector 
that selects the best frame out of the two that are sent back. 

The second is the softer handoff. This type of handoff occurs when a 
mobile transitions between two different sectors of the same cell. On the for- 
ward link, the mobile performs the same kind of combining process as that of 
soft handoff. In this case, the mobile uses its rake receiver to combine signals 
received from two different sectors. On the reverse link, however, two sectors of 
the same cell simultaneously receive two signals from the mobile. The signals 
are demodulated and combined inside the cell, and only one frame is sent back 
to the MSC. 
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Figure 4.16 (a) Soft handoff between two base stations— forward link; (b) soft handoff 
between two base stations— reverse link. 
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The third is the hard handoff The CDMA system uses two types of hard 
handoffs. CDMA-to-CDMA handoff occurs when the mobile is transitioning 
between two CDMA carriers (i.e., two spread-spectrum channels that are 
centered at different frequencies). This hard handoff can also occur when the 
mobile is transitioning between two different operators' systems. CDMA-to- 
CDMA handoff is sometimes called D-to-D handoff. On the other hand, 
CDMA-to-analog handoff occurs when a CDMA call is handed down to an ana- 
log network. This can occur when the mobile is traveling into an area where 
there is analog service but no CDMA service. CDMA-to-analog handoff is 
sometimes called D-to-A handoff. 

Before we describe the soft handoff processes in detail, it is important to 
note that each sector in a CDMA system is distinguished from one another by 
the pilot channel of that sector. As Figure 4.17 shows, the pilot channel is one 
of the four logical channels — pilot, paging, sync, and traffic channels — on the 
forward link. The pilot channel serves as a "beacon" for the sector and aids 
the mobile in acquiring other logical channels of the same sector. There is no 
information contained in the pilot other than the short PN code with a specific 
offset assigned to that particular sector. Remember from Chapter 3 that a 
PN sequence with an offset becomes another PN sequence, and this offset PN 
sequence is orthogonal to die original sequence. The PN code transmitted on 
the pilot channel uses this quality to distinguish itself from other sectors and 



i 



Traffic channel K (for user K) 

Traffic channel 2 (for user 2) 

Traffic channel 1 (for user 1) 
Sync channel 

Paging channel 
Pilot channel 



Frequency 



Figure 4.17 CDMA forward link spread spectrum (SS) signal. 
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other base stations. The offset of a PN sequence associated with a particular sec- 
tor is specified in the parameter PILOT_PN for that sector. 

A special term is used to describe the SNR of the pilot channel: energy per 
chip per interference density, or EJI 0 . The energy per chip E c is different from 
energy per bit E b in that "chips" refer to PN sequences that are spread. Since 
there is no baseband information contained in the pilot channel, the pilot is not 
despread and bits are not recovered. Therefore, in order to describe the signal- 
strength of the pilot channel, the raw SNR, or EJI 0) is used. Note that since 
the pilot is not despread, E c fl 0 remains less than 1 most of the time. 



4.4.1 Set Maintenance 

In CDMA, the mobile is an intimate participant in the soft handofF process. 
The mobile constandy notifies the base station regarding the local propagation 
condition; the base station makes use of this information to make handofF deci- 
sions. This mobile-assisted handoff (MAHO) is evident in that the mobile makes 
a measurement of forward link E c fl 0 and reports the measurement result to the 
base station. Since each base station transmits its own pilot on a different PN 
offset, the EJI 0 of a pilot gives a good indication of whether or not the particu- 
lar sector should be the serving sector for the mobile. 

In managing the handoff process, the mobile maintains in its memory 
four exclusive lists of base station sectors. The sectors are stored in the form of 
pilot PN offsets of those sectors. These lists are also called sets. The four sets are 
active set, candidates^ neighbor sei y and remaining set [2]. 

The active (A) set contains the pilots of those sectors that are actively 
communicating with the mobile on traffic channels. If the active set contains 
only one pilot, then the mobile is not in soft handoff. If the active set con- 
tains more than one pilot, then the mobile is maintaining connection with all 
those sectors on separate traffic channels. The base station ultimately controls 
the handoff process because a pilot can only be added to the active set if the 
base station sends a handoff direction message to the mobile and the message 
contains that particular pilot to be added to the active set. The active set can 
contain at least six pilots. 

The candidate set contains those pilots whose E c /I Q s are sufficient to 
make them handoff candidates. This means that if the E c /I 0 of a particular pilot 
is greater than the pilot detection threshold T_ADD, then that pilot will be 
added to the candidate set. A pilot is removed from this set and placed in the 
neighbor set if the strength of that pilot drops below the pilot drop threshold 
T__DROP for more than the duration specified by the handoff drop timer expi- 
ration zWk<?T_TDROP. The candidate set can contain at least six pilots. 
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Note that a pilot can be removed from the active set and placed in the 
candidate set if the received handoff direction message does not'include tha 
pamcdar pilot; and if T_TDROP for that pilot has not expired, the o lot ! 
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4.4.2 Handoff Process 

In the following example, we examine the handoff process from the source cell 
to the target cell. As Figure 4.18 shows, the mobile is moving from the coverag 
area of source cell A to the coverage area of target cell B. The following is a 
sequence of events during this transition: owing is a 

1. The mobile here is being served by cell A only, and its active set con- 
tains only pilot A The mobile measures pilot B EJI 0 and finds it to 
be greater than T_ADD. The mobile sends a pilot strength measure- 

d™esT age mOVCS PiIOt B fr ° m ^ ndghb0r SCt * ±C ^ di - 

2. The mobile receives a handoff direction message from cell A. The mes- 
sage directs the mobile to start communicating on a new traffic 
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candidate set comparison threshold T_COMP X 0.5 dB, then the mobile sends 
a pilot strength measurement message. 



4.4.3 Pilot Search 

In addition to being spread by the Walsh code, the forward link is also spread 
by a PN sequence (with a specific PILOT_PN offset) at 1.2288 Mcps. This 
forward-link signal, like any other signal traveling through a mobile environ- 
ment, can encounter reflections that result in multipaths. As a result, different 
pilot signals can arrive at the mobile at different times, and a multipath compo- 
nent of one pilot may arrive a few chips later than its direct-path component. 
Therefore, search windows are provided to search for pilots that are in the 
active, candidate, neighbor, and remaining windows. Specifically, the parame- 
ter SRCH_WIN_A defines the search-window width used to search for pilots 
in the active and candidate sets, the parameter SRCH_WIN_N defines the 
search-window width used to search for pilots in the neighbor sets, and 
the parameter SRCH_WIN_R defines the search-window width used to search 
for pilots in the remaining sets. These three parameters are sent to the mobile in 
the system parameters message and handoff direction message. 

The search window for the active and candidate sets is referenced to the 
earliest arriving multipath component of the pilot. The mobile should center 
the search window for each pilot in the active and candidate sets around the 
earliest arriving usable multipath component of the pilot. For example, if 
SRCH_WIN_A is defined to be 40 chips, then the mobile searches 20 chips 
around the earliest arriving multipath component of the pilot. For each pilot 
in the neighbor and remaining sets, the mobile centers the search window for 
each pilot around the pilot's PN sequence offset using the mobile's timing 
reference [1], 
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